A simple and rapid method of yeast strain characterization based on mitochondrial DNA restriction analysis was applied to the control of wine fermentations conducted by active dry yeast strains. This molecular approach allows us to understand several important aspects of this process, such as the role of the active dry yeast strain and that of the natural Saccharomyces cerevisiae flora during vinification. In this paper, we demonstrate that the inoculated strain is really responsible for the fermentation but does not suppress significant development of natural strains during the first stages. During this early period, natural strains could have important effects on wine flavor.
A simple and rapid method of yeast strain characterization based on mitochondrial DNA restriction analysis was applied to the control of wine fermentations conducted by active dry yeast strains. This molecular approach allows us to understand several important aspects of this process, such as the role of the active dry yeast strain and that of the natural Saccharomyces cerevisiae flora during vinification. In this paper, we demonstrate that the inoculated strain is really responsible for the fermentation but does not suppress significant development of natural strains during the first stages. During this early period, natural strains could have important effects on wine flavor.
The quality of wines is a direct consequence of the evolution of the microbial flora of the must during fermentation. A number of different strategies have been used for determining the population kinetics during wine fermentation. Nevertheless, these attempts have been restricted owing to the difficulty in distinguishing among the different Saccharomyces cerevisiae strains present in the nonsterile must. Some approaches have used the killer phenotype to examine the population dynamics of either killer-sensitive or killer-resistant strains in both sterile media and musts (7, 13) . Similarly, other markers have been used, such as the galactose fermentation phenotype (13) . These kinds of strategies are applicable only under sterile laboratory conditions, not in the wineries, where the nonsterile must contains a complex S. cerevisiae flora with killer-sensitive, killer-resistant, galactose-fermenting, or non-galactose-fermenting strains (1, 6, 10, 11) . The use of natural or induced mutants resistant to certain drugs (e.g., chloramphenicol or oligomycin) has been exploited by other investigators (17) . In this case, the nonsterile must is inoculated with the resistant strain and its growth is examined during the fermentation process. However, all of these methods provide a biased view of the problem, because it is not possible to evaluate the role of the natural S. cerevisiae strains present in the must.
During the last few years, we have been studying the wines produced in the Mediterranean region of Alicante (Spain). All fermentations conducted in that region are traditional vinification processes, characterized by an elevated temperature of fermentation and high initial sugar concentrations (11) . By the use of foreign wine active dry yeasts it is not possible to obtain a satisfactory development of the fermentation process, probably because of the special fermentation conditions. To overcome this problem, we have isolated and characterized an S. cerevisiae strain (namely, T73) from Alicante musts that, used as an active dry yeast, produces an excellent wine (10) .
The use of our selected strain in the winemaking process required the development of techniques that could clearly * Corresponding author. differentiate the inoculated yeast strain from the rest of the wild yeast strains present in the must (9 tions of the supplier (Boehringer Mannheim). These enzymes recognize a large number of sites in the yeast nuclear DNA but few sites in the mtDNA. Restriction fragments were separated in 0.8% agarose gel electrophoresis and visualized in a UV transilluminator after ethidium bromide staining (14) . B) in the Valencia region of Spain. In each winery, we used two fermentors of 15,000 liters. In one of them, the selected T73 S. cerevisiae strain (10) was inoculated, and in the other a natural fermentation was conducted as a control. A sensory test of the wines was done with trained judges, who determined that the organoleptic characteristics of the wines produced by inoculated fermentation were better than those of the control wines (80 and 75% of the tests in wineries A and B, respectively).
Wine samples were periodically collected during fermen- Fig. 1 shows the most common mtDNA patterns present in an inoculated fermentation. Tables 1 and 2 represent the frequencies of all of the mtDNA patterns obtained in each sampling of the inoculated and control fermentations. Only pattern I, corresponding to the T73 strain, is found in common at these two wineries. Our method allowed us to detect a large number of mtDNA patterns (41 and 35 patterns in wineries A and B, respectively), that is to say, S. cerevisiae strains. A great diversity of wild strains was detected in the fermentations. Most of these wild strains appeared in both inoculated and noninoculated fermentations (43.9% in winery A and 34.3% in winery B), but only some of them were present in all of the samples at significant frequencies (>10%). Figure 2 shows the growth of the most frequent strains throughout the inoculated fermentation in wineries A and B. As can be seen in the first stages of the processes, only five and three patterns were significantly present at high levels in wineries A and B, respectively. Only after 3 and 4 days of fermentation does the inoculated strain appear more frequently than the wild strains present in the must. As was expected, in the control fermentors, in which the T73 strain was not inoculated, the most frequent wild strains (patterns IV and VI in winery A and patterns II and III in winery B) were present until the end of the process, and hence they could be the agents responsible for those natural fermentations.
The predominance of the inoculated strain was evident in both wineries. At the end of the fermentation, the T73 strain (pattern I) represented 68.09 and 89.46% of the total S. cerevisiae isolates from wineries A and B, respectively.
Finally, the evolution of the sugar degradation during the inoculated fermentations shows a clear correspondence to the growth of the T73 strain (Fig. 3) . This fact clearly indicates that the T73 strain was responsible for the fermentation.
DISCUSSION
The main problem in using active dry yeast strains in winemaking is our ignorance about the population dynamics of the inoculated S. cerevisiae strain during fermentation, as well as about the role of the wild strains in the must in this process. Even though several different approaches have been made, none could resolve these questions. The application of a new technique based on mtDNA restriction analysis has allowed us to extend our knowledge about the evolution of the inoculated and wild strains during wine fermentation, and hence their respective roles in this process.
It is evident from our results that the population dynamics in a wine fermentation is a complex phenomenon. In the first stages of the fermentation, a great diversity of S. cerevisiae strains was observed, but only a few of them were present throughout the whole process. Curiously, the strain diversity was greater in the inoculated fermentation than in the natural one for both wineries. This fact could be explained by assuming that the inoculated strain disturbs the equilibrium of the ecosystem. In fact, some of the most frequent strains in the noninoculated fermentors were also the most common wild strains present in the first stages of the inoculated fermentations. The growth of the inoculated strain could favor the development of other minority wild strains by inhibiting the growth of the wild strains responsible for the natural fermentation.
There has been considerable controversy over the use of selected pure strains in wine fermentations (12) . In natural fermentation, a succession of yeast genera has been observed during the first stages of the process, followed by certain Saccharomyces species, which then dominate in the most active stages of the fermentation and towards the end (1, 6, 11) . It has been suggested that this succession of species leads to a more complex aroma of the wine (12) . However, some investigators claimed that there are actually disadvantages in using selected yeasts because the inoculated strain could suppress significant development of natural yeast during wine fermentation (12) . In contrast, Heard and Fleet (5) postulated that inoculated S. cerevisiae strains could beneficially influence the development of wild Saccharomyces strains by inhibiting the growth of non-Saccharomyces yeasts. The most striking result of the present study is the fact that the inoculated strain competes with natural strains but does not completely suppress their growth until several days after inoculation. In the first stages of the inoculated fermentation, the wild strains were present at a significant level, and their frequencies decreased after 3 to 6 days. During this time, the wild strains may have important influences on wine flavor.
On the basis of organoleptic testing of wine, some investigators have claimed advantages for either natural or inoculated fermentations. Now, we can conclude that the products of inoculated fermentations not only have a higher quality as a result of controlled processes (75 and 80% of the trained experts preferred the inoculated wine in wineries B and A, respectively) but also maintain the specific characteristics produced by the natural flora.
This work summarizes the application of a new technique of yeast strain characterization based on mtDNA restriction analysis to the control of wine fermentations conducted by active dry yeast strains. We consider it to be an exciting time for enology because it could be invigorated by the application of molecular techniques. In this way, our method could be a new way of asking questions about microbial persistence and interactions in the biotechnological use of yeast strains (wine fermentation, beer brewing, bakery products, active dry yeast production, etc.).
